Cells and tissues are continuously exposed to a changing microenvironment, hence the necessity of a flexible modulation of gene expression that in complex organism have been achieved through specialized chromatin mechanisms. Chromatin-based cell memory enables cells to maintain their identity by fixing lineage specific transcriptional programs, ensuring their faithful transmission through cell division; in particular PcG-based memory system evolved to maintain the silenced state of developmental and cell cycle genes. In evolution the complexity of this system have increased, particularly in vertebrates, indicating combinatorial and dynamic properties of Polycomb proteins, in some cases even overflowing outside the cell nucleus. Therefore, their function may not be limited to the imposition of rigid states of genetic programs, but on the ability to recognize signals and allow plastic transcriptional changes in response to different stimuli. Here, we discuss the most novel PcG mediated memory functions in facing and responding to the challenges posed by a fluctuating environment.
Introduction

Epigenetic Memory Is Established in Early Development and Lasts in Adult Tissues: A Long Tale for PcG Proteins
Polycomb group of proteins (PcG), were identified in Drosophila melanogaster as developmental regulators of early embryogenesis. [1, 2] Structural homology with heterochromatin protein 1 (HP1) and the analogy with clonal inheritance of phenotypic traits typical of heterochromatic position effects, led to the formulation of the founding concept of chromatin-based cell memory and maintenance of cell identity. [3] The combination of genetic and biochemical functional characterization of PcG gene products in various model systems provided evidence for conserved components acting as multiprotein complexes, that maintain the repressive state of genes by various mechanisms, including site specific chemical modification of histones, interaction with RNA Pol II machinery, chromatin fiber compaction, and nuclear architecture (reviewed by Ref. [4] ). The repressive function of PcG is counter-balanced by Trithorax group of proteins (TrxG), originally identified as suppressors of PcG mutants, encoding histone modifiers and ATP-dependent chromatin remodelers that maintain the transcriptionally active state of genes. [5] In Drosophila PcG and TrxG proteins bind promoters and other specialized regulatory elements called Cell Memory Module (CMM) that convey epigenetic inheritance through cell division. [6] In mammalian cells PcG proteins bind preferentially CpG islands close to TSS [7] and recent evidence for CMM has been reported in plants. [8] Two major canonical complexes have been extensively characterized (reviewed in Ref. [9] ), PRC2 and PRC1. PRC2 contains the histone methyltransferase activity responsible for histone H3 lysine 27 tri-methylation (H3K27me3). PRC1 binds H3K27me3 and retains H2A lysine 119 ubiquitination (H2AK119ub) activity. The simplified (and not exhaustive) paradigm for Polycomb-mediated transcriptional repression has included a hierarchical model for PRCs recruitment to target genes, where PRC2 catalyzes H3K27me3 methylation, leading to PRC1 recruitment and chromatin compaction. [10] Besides this established model of PcG mediated gene repression, accumulating evidences indicate a PRC2 independent recruitment of PRC1 (suggesting by non-overlapping Chip-sequencing mapping data) [11] [12] [13] [14] ; further findings indicate H2AKub dependent PRC2 recruitment [15, 16] ; however, other reports in developing Drosophila and early mouse embryos, demonstrated a PRC1 mediated repression independent from H2Aub. [17, 18] Genetic evidence of the role of H3K27me3 in cell memory has been firmly demonstrated in Drosophila where mutations in H3K27 residue recapitulated PcG phenotype. [19] Further, recent report showed that H3K27me3 mark can be transmitted transgenerationally and is required also at the beginning of Drosophila embryogenesis. [20] Mechanistically, besides the role of PRCs in chromatin modification, they contribute also to the formation of multilooped higher order structures important for maintaining genes silenced state. [21] At a higher order level, as revealed by Hi-C data, H3K27me3 domains match to a subclass of TADs (Topologically Associated Domains), called Polycomb TADs, while PcG proteins appear to cluster giving rise to subnuclear compartments called Polycomb bodies (as reviewed in Refs. [4, 9] ). The role of PcG in TADs formation remains to be determined as the loss of PRC2 function was shown to have minimal effects on TADs. [22, 23] Additional factors decorate PcG dependent transcriptional regulation and reciprocal recruitment (refer to Refs. [24, 25] , discussed in the section Nuclear PRCs Reveal Unpredicted Interactors and Functions), including DNA binding proteins that contribute to the PcG mediated epigenetic memory. [26] Further, PcG recruitment and function has been also linked to RNA and in particular to long noncoding RNAs (lncRNAs) involved in epigenetic regulation. However, the specificity of RNA binding remains to be clarified, although specific functions in different regulatory contexts can be expected. [27, 28] In evolution, while PcG gene targets have been conserved, PcG proteins diversification appears much greater than previously anticipated, possibly reflecting organisms' complexity. [24, 25, 29] This led to the rise of a number of variations in complex composition or stoichiometry, [30] molecular function and genome wide target sites, as demonstrated both for PRC1 and PRC2 in neuronal differentiation. [14] Indeed, extensive ChIP-seq data obtained on a variety of model systems (e.g., ENCODE Consortium [31, 32] ) demonstrate that high levels of H3K27me3 mark can be bona fide predictive of a repressed state. However, ChIP-seq data on PcG proteins, revealed that the sole presence of individual PcG components at promoters or other cis-elements may not be diagnostic of silenced state, but instead of the competence to silence in response to environmental stimuli [33, 34] or other functions including transcriptional activation [35] and alternative splicing. [36] This scenario appears to be particularly relevant in postmitotic cells where chromatin-based cell memory systems do not operate to ensure transmission through cell division but rather to fix ranges of plasticity in tissue specific gene expression programs.
PRC2s Diversification in Complex Organisms Results From Different, Sub-Stoichiometric Components Engagement
PRC2 consists of four core proteins: Enhancer of zeste (E(z)) with histone methyltransferase (HMT) activity specific for trimethylation of histone H3 lysine 27 (H3K27me3), Extra sex combs (Esc) with an aromatic cage able to bind H3K27me3, Suppressor of zeste 12 (Su(z)12), and the nucleosome remodeling factor Nurf 55 (reviewed in Refs. [4, 9] ) (Figure 1) . Drosophila, as well mammalian cells contain stoichiometric levels of these four components, a biochemical parameter critical for PRC2 physiological function. Lower complexity organisms show a partial degree of conservation: C. neoformans PRC2 lacks Su(z)12 homologs but instead contains two additional, unrelated proteins, Bnd1 and Cc1; while nematode C. elegans shows only E(z) and Esc homologs (MES2 and MES6). [37] During evolution PRC2 components experienced only little gene duplication. Mammals contain two E(z) homologs, Ezh2 or Ezh1 that are developmentally regulated and engaged in alternative PRC2 core complexes [38, 39] ; Ezh2 is predominant in undifferentiated or proliferating cells, whereas Ezh1 appears to substitute for Ezh2 in post-mitotic cells. [38, 39] Additionally, mammalian PRC2 displays four different and (12) , and Nurf55; facultative subunits are: Jarid2 and PCL. Human PRC2 core components are EED (1-4), EZH1 or EZH2, Suz12 and RbAp46 or RbAp48; PCL (1-3) or EPOP or C10orf12 facultative subunits give rise to the PRC2.1 complex; Jarid2 or AEBP2 facultative subunits give PRC2.2 complex.
developmentally regulated isoforms of Eed (Esc homolog) produced by specific translational start sites, Suz12 (Su(z)12 homolog) and Rpb46/48 (Nurf55 homologs) (reviewed in Refs. [4, 9] ) ( Figure 1 ). In mammals, PRC2 underwent complex diversification because of the engagement of additional facultative subunits that, in sub-stoichiometric ratio and in cell-type dependent fashion contribute to finely modulate its enzymatic activity and/ or its recruitment on chromatin. [30, 40] In human cells PRC2 exists in two alternative complexes, [40] one defined by the presence of one of the three Polycomb-like homologs (PCLs) (PRC2.1), and the other defined by mutually exclusive AEBP2 and JARID2 (PRC2.2) (Figure 1) . [30] PRC2.1 contains two more facultative subunits, C10orf12 and EPOP (Figure 1) . [30] Notably, other PRC2-related complexes were reported to contain NAD þ -dependent histone deacetylase Sir2 (in flies) and the histone deacetylase Sirtuin 1 (SIRT1) (in human cancer cells), [41, 42] foreseeing a link between cellular metabolic states and transcriptional outputs.
PRC2-Ezh2 evolved toward a much greater complexity in plants, showing significant gene duplications in species as A. thaliana with up to 12 homologs of PRC2 components (namely three E(z) homologs, the CLF proteins; two Su(z)12 homologs, the EMF2 proteins; five Nurf55 homologs called MSI1; one Esc homolog renamed FIE), [43] forming at least three distinct complexes involved in different developmental processes. [43] The function of PRC2 in plants has been extensively studied and became a paradigm in environmental epigenetic regulation of vernalization by controlling correct flowering time via silencing of the FLC locus in combination with lncRNA (see section 2.5 Ref. [44] ).
PRC1s Diversification in Complex Organisms Mainly Results From Gene Duplication and Expansion
Since the early reports of cloning of PcG homologues in vertebrates, [45] it became clear that PRC1 complexity boosted during evolution by gene duplication and expansion (Figure 2) . Each of the Drosophila PRC1 protein has at least one extra mammalian homologs and paralogues (Figure 2A ,B): RING1 and RING2; three Ph homologues (Polyhomeotic-like protein [PHC1-3]), five Pc homologues (CBX2, CBX4, CBX6, CBX7, and CBX8), two Psc homologues (BMI1 and MEL18, respectively, PCGF4-2) and four other Polycomb group RING finger proteins (PCGFs 1,3,5,6), three Scm homologs (SCMH1/L1/L2) ( Figure 2A ). [4, 9, 24] The PCGF proteins form at least six non-canonical PRC1 (ncPRC1) complexes that do not contain a CBX protein, but other PcG unrelated proteins ( Figure 2B ). [25, 29] In principle, 180 different PRC1 complexes could exist in mammals if all the possible combinations of PRC1 homologous proteins would be able to form, some of them coexisting in a specified cell or at a certain developmental stage. [4, 29, 46] The molecular function of different versions of PRC1 is unknown and beyond the scope of this review. Indeed, genome wide studies indicate that binding of different sets of PRC1 components can occur in diverse combinations and they can be found at both repressed and active sites. [25] This may explain the complexity of phenotypes resulting from loss or gain of PRC1 function, including cancer. In Plants, PRC1 components were only recently identified in A. thaliana and they appear highly divergent from animals. PRC1-like RING-finger protein homologues (AtRING1b; AtBMI1) and H2Aub1 function have been reported (reviewed in Ref. [47] ). Also proteins belonging to the subfamily of Psc and Pc have been discovered in A. thaliana. [47] Interestingly in plants the protein Like-HP1, a homologue of Heterochromatin Protein1 (HP1), binds H3K27me3 instead of H3K9me3 and is a PRC2 interactors. [48] In evolution PRC1 components appear to have gained diverse modes of action depending on phenotypic requirements. [29] Indeed, beyond developmental defects and homeotic transformation in flies or embryonic lethality at gastrulation in mice, genetic studies have established a more general role of PcG in cell identity establishment and maintenance. [49] [50] [51] [52] [53] [54] During differentiation PRC2 experienced an exchange between Ezh2 and Ezh1, [38] and different supplementary proteins are incorporated to modulate its function and genomic binding. [4] Similarly, PRC1-complex composition (CBX or PCGF proteins) and the corresponding target genes vary in pluripotent ESCs compared to differentiated cells, [55, 56] suggesting specific functional properties for different complexes to enable chromatin to be responsive to the environmental changes.
In conclusion, PcG cell memory system appears to build an intricate scenario characterized by a profusion of players, including extra nuclear components (see section 3,4 and 5), whose function is not limited to maintain a given states but rather to modulate transcriptional outputs and related phenotypes. Despite decades of intensive studies on PcG, many gaps remain in our understanding of how PRC1 and PRC2 can convey such plasticity to transcriptional programs in particular in adult differentiated cells; in the current review we will summarize some of the latest discovered multifaceted mechanisms by which cells can adapt to environment via Polycomb proteins.
How do Polycomb Proteins Sense and Deal With Cellular Micro Environmental State Fluctuations?
Memory is the result of a dynamic process involving learning, codification, and the ability to reproduce the acquired information in the absence of the triggering event. Cells are daily exposed to fluctuations of environmental conditions, the epigenome function is to allow phenotypic variation in terms of transcriptional programs adaptation to the changing environment and to store cell memory throughout life. [57] In the present paragraph we will highlight some of the main aspects related to the PcG memory system and adaptation.
Polycomb Proteins and Their Connection With Cell Signaling Cascades
Several studies suggest that Serine/Threonine (Ser/Thr) kinases control PcG function by direct PcG proteins phosphorylation or histone modification. [58] Cell-cycle-regulated phosphorylation of EZH2 by Cyclin-dependent kinase 1 (CDK1) and 2 (CDK2) leads to EZH2 degradation and global reduction in H3K27me3 levels. These events impact interaction with lncRNAs and affect regulation of cell cycle progression, differentiation, and tumorigenesis. [59, 60] Further, EZH2 can be phosphorylated by Akt kinase (involved in cell growth and nutrient-responsiveness pathways); this modification affects its HMTase activity, leading to decreased H3K27me3 levels and tumor formation. [61] Oncogenic effects are observed also as consequence of Akt-dependent phosphorylation of other PcG like Bmi1, coupled to increased H2A PRC1 ubiquitinligase activity, [62] while the Akt-mediate phosphorylation of Mel18 controls Ring1B recruitment to chromatin. [63] Signal-dependent Ser/Thr kinases were shown to regulate PRC2 directly on chromatin by virtue of a histone modification that disassembles or recruits PRC2 from target genes. MSK2 mediated phosphorylation of H3S28 was shown to promote a switch from H3K27me3 to H3K27ac modifications, antagonizing PRC2-Ezh2 (but not Ezh1) function and affecting cell differentiation. [33] On the contrary, the interaction between mTOR, S6K1, Wnt signaling, and EZH2 seems to strictly coordinate adipogenesis: mTORC-activated S6K1 was shown to act also in the nucleus where it phosphorylates H2BS36. This modification enhances EZH2 recruitment and H3K27me3 on anti-adipogenic genes, blocking Wnt expression, a pathway involved in the control of obesity. [64] Altogether these studies highlight the tight control that cell signaling exert onto PcG in chromatin to control cell fate.
Polycomb Proteins React to a Variety of Cellular Stresses
Usually signaling pathways are directly initiated by cellular stresses. In mammalian cells, reactive oxygen species (ROS) or serum starvation may modulate PcG proteins localization. Following ROS stress, phosphorylation by MAPK (mitogen activated protein kinase) negatively controls Bmi-1 triggering its detachment from chromatin. [57] Conversely, in skeletal muscle cells, oxidative stress induces increase of intra-nuclear Eed level driving genome-wide activation of PCR2-Ezh1 complex and silencing of specific muscle gene networks. [34] In Cardiac hypertrophy generated upon stress or hormone stimulation, the interaction between the lncRNA Chaer and PRC2, inhibits Ezh2 repressive function at hypertrophic genes leading to their induction. [65] Furthermore, an important study in Drosophila showed that JNK-dependent negative modulation of intracellular PcG levels accompanies adaptive response to injury to allow tissue regeneration, indicating the importance of epigenome structure modulation in cell survival and tissue repair mechanisms. [66] PcG dependent adaptation was also demonstrated in response to heat-shock stress and temperature increase. In Drosophila, heat shock induces global gene silencing accompanied by PcG recruitment, histone H3K27me3 modification and the redistribution of architectural proteins facilitating the interaction between enhancer and promoter with PcG proteins. [67] Thus dynamics of PcG system exerts a protective role against stress also by regulating major nuclear architectural rearrangements. [67] PcG have been shown to bind RNA, but with unclear specificity. Although the role of lncRNA in PRC2 function remains controversial, the interaction with lncRNAs involved in epigenetic regulation has been established (reviewed in Ref. [68] ). Beyond lncRNAs, PRC2 Ezh2 and Suz12 subunits have been shown to engage nascent mRNA at promoters, [69] in line with a previously proposed role for PcG in directly interacting with and blocking Pol II processivity. [70, 71] Further, an intriguing role for Ezh2 and ncRNA in heat-shock induced stress has been reported in mouse cell lines. [72] This involves a specific interaction between Ezh2 and B2 SINE retrotransposons RNAs. In detail, B2 RNAs bind RNA Pol II at stress responsive genes maintaining their repression or low levels of expression. Upon heat-induced stress, Ezh2 interacts with B2 SINE RNAs triggering their cleavage and degradation, releasing Pol II and allowing prompt activation of heat responsive genes; this is a novel function for Ezh2 that integrates gene repression and activation, independently from its enzymatic HMTase activity. [72] Another link with stress might be provided by lncRNA MALAT-1 (metastasis-associated lung adenocarcinoma transcript 1). MALAT-1 is a wellcharacterized lncRNA, stress inducible, involved in speckles formation, a subnuclear interchromatin compartment involved in RNA processing. Recent reports indicated a direct interaction between PRC2 and MALAT-1 and influence on EZH2 oncogenic activity. [73, 74] These evidences establish new paradigms linking stress-induced regulation of PcG functions and maintenance of cell identity.
Polycomb Proteins Safeguard and Guarantee the Epigenetic Inheritance
Epigenetic effects and inheritance refer to the hereditability of phenotypic traits in the absence of the early triggering stimuli. Both mitosis and meiosis are challenging processes where the epigenetic information has to "survive" the complexity of DNA replication, where the epigenomic environment has to be promptly cis-restored. Current models of PcG mitotic inheritance envisage cell cycle regulated increase of PcG proteins and histone modifications prior to replication fork passage, to prevent the dilution of the signature, [75] the persistence of PcG components on chromatin during DNA replication and post replicative activity enhancement of PRC2 to restore the H3K27me3 original levels. [4] Moreover, lncRNA may contribute in cis to PcG memory function. Interestingly lncRNAs transcribed from opposite strands of Drosophila CMM were shown to mediate alternatively positive or negative effects on PcG silencing. [76] The mechanisms by which these RNAs are involved in epigenetic inheritance remains to be understood.
Transgenerational phenomena imply the recording of individual biological experience in germ cells. In most species, epigenome modifications are reset during gametogenesis, however, some traits can persist and can be stably transmitted throughout generations. While these effects have been observed in plants as well as worms and some fishes, the molecular messengers (e.g., RNA moieties or DNA methylation) that convey the ability of germ cells to record and transmit the experience of a parental organism remain to be identified. Metazoans and in particular mammals, evolved additional mechanisms of epigenome resetting at the beginning of embryogenesis when the entire genome undergoes almost quantitative demethylation and removal of other marks. [77] PcG and TxG proteins are known, from classical studies, to induce transgenerational inheritance of alternative states of transgenes in flies. [6] A role for 3D chromatin contacts has been reported, for which ectopic epialleles carrying different PRC2-dependent H3K27me3 levels were shown to induce stable paramutation effects in the progeny; the stability of these effects was impaired when chromosomal contacts were removed. This inheritance can be passed from both female and male germlines. Importantly, environmental changes can modify the expression of the epialleles, suggesting a putative function for transgenerational inheritance to the phenotypic variation exerted by natural Drosophila populations. [78] 
Polycomb Proteins Functions Are Under the Control of Cellular Metabolic State
In the recent years an important functional relationship between metabolism and epigenetic regulation of gene expression has been established. Indeed, the availability of methyl, acetyl groups and other cofactors is key aspect of how epigenome modifiers sense the cellular microenvironment and how this impacts on physiological and pathological deviations of cell genetic programs.
Metabolism strongly influences acetyl-transferases, in particular HAT (histone acetyl transferase) and Histone deacetylases (HDACs) enzymes, which depend respectively on Acetil-Coa and NAD þ cofactors. Fluctuations in metabolic states can thus promptly be reflected by changes in chromatin states. [79] Similarly, the SET-domain containing methyltransferases, as E(z) and EZH1/2, use the biochemical compound S-adenosylmethionine (SAM) as a methyl group donor to methylate H3K27 residues. The dietary intake of relevant methyl donor precursors, such as methionine, folate and choline, has been strongly linked to changes in cellular methylation potential. Recently, the nuclear accumulation of active SAM synthetase has been demonstrated to correlate with increased PcG-mediated H3K27 trimethylation [80] and mutations of its gene affect position-effect variegation in Drosophila and enhance PcGinduced homeotic phenotypes, [81] suggesting an intimate, but still unexplored, link between PcG proteins regulation and metabolism. This may include also circadian clock regulation in which a pivotal role has been reported for TrxG proteins. [82] In plants a systematic analysis of histone modifications including H3S10p, H3K27ac, H3K27me3, and H3S28p revealed diurnal changes in short-day optimal and water-deficit conditions, indicating a mechanism in which circadian reduced binding of repressive factors facilitate activating H3K9ac, H3K27ac, and H3S28p chromatin modifications on genes expressed only at a certain time when required or on those that are differentially expressed during the diurnal cycle. [83] Finally, evidence has been reported about a role for histone modification and in particular H3K9me3/H3K27me3 in dietinduced transgenerational inheritance of obesity. [84] In this context the role of PcG remains to be elucidated.
Polycomb Proteins Interface With Climate Changing in Plants
One of the first classical connections between PcG proteins and environment is represented by vernalization. To maximize the reproductive success, plants have evolved a sophisticated mechanism called vernalization to regulate the correct timing of developmental flowering switches in respect to the climate. Vernalization is the epigenetic memory of the exposure to past cold winter and is obtained through the PRC2 mediated regulation of the FLC gene (the brake for flowering). In detail, PRC2 complex covers the entire length of FLC gene when it is transcribed in young seedlings as they become exposed to the cold; the prolonged cold favors the formation of an alternative PRC2 complex that starts to nucleate and to deposit H3K27me3 on the gene, progressively imposing a rigid repression; exposure to warm changes again the biochemical composition of the complex by recruiting H3K27me3 binding protein LHP1 leading to transcriptional repression stability and maintenance of the FLC locus after the winter and favoring the correct flowering process when favorable photo-temperature conditions are present during the subsequent warm season. [85] Vernalization appears to be a cell-autonomous process in which the number of cells that mark the FLC locus is a function of the extent of cold time exposure and requires expression of antisense lncRNAs from the locus. In a recent report analysis of cold-induced epigenetic silencing at FLC revealed that Polycomb components function in two phases in which reading and writing by PRC2 and LHP1 for H3K27me3 contribute to reinforce the repressive chromatin state in the FLC gene body, conveying its long-term stability. [86] Thus the dosage of environmental factors are directly sensed and quantitatively translated by the endogenous chromatin mediated memory systems into an adaptive response.
Polycomb Proteins Buffer Chromatin Dynamics
Mathematical modeling of Polycomb mediated transcriptional repression try to explain how PcG proteins can buffer and/or properly adapt to external stimuli. Genes targeted by PcG proteins are regulated in cis by the presence of histone marks and in trans by many diffusible factors as TFs. It seems that PRC2 works in a slow rate of H3K27me3 deposition and that these slow chromatin dynamics is instrumental to filter transient pulses of transcriptional repression and activation (recognized as noise), maintaining epigenetic memory. [87] The memory can instead be erased in case of assiduous transcriptional activation or repression. These findings highlight a novel function for Polycomb proteins in noise filtering and consequently in buffering the fluctuation of TFs and chromatin dynamics. [87] Other modifiers share such modeling of activity as the Suv39H1/2 responsible for pericentromeric heterochromatin formation, which through a nucleation and looping mechanism establishes and renders heterochromatin robust toward transient environmental perturbation. [88] 
Nuclear PRCs Reveal Unpredicted Interactors and Functions
The recent literature contains increasing evidence for variegated functions of Polycomb proteins, dependent on the diversity of developmental stages, interacting partners as well as environmental states. Contemporary studies revealed that PcG components (both PRC1 and PRC2) could be associated with actively transcribed gene loci. The liaison between PRC1 complexes and active genes has been recently demonstrated both for pluripotent and differentiating cells where specific subcomplexes appear to exert different functions. In iPSC (Induced Pluripotent Stem Cells) the RYBP PRC1 subunit interacts with the pluripotency transcription factor OCT4, forming an alternative complex required for the activation of the pluripotency program. [89] In mesodermal cells a MEL18/ PCGF2-PRC1 interaction is required for cardiac differentiation. This activity occurs in a stage dependent manner by an exchange of subunits that is instrumental to drive sequential repression and activation of genes able to progressively switch the transcriptional program from mESC, to mesodermal commitment and cardiac lineage. [56] In the central nervous system a PRC1.5-AUTS2 complex has been identified to be essential for active transcription of target genes via recruitment of p300 acetyltransferase [90] ; indeed mouse conditional knockout of AUTS2 experiences various developmental defects.
The interaction between PcG and active transcriptional machinery is reported also in tumorigenic contexts. In leukemic cells an shRNA-mediated knockdown screen performed both in mouse model and human primary AML (Acute Myeloid Leukemia) cells revealed an essential role for ncPRC1.1 in sustaining active state of metabolic genes. [91] Similarly a siRNA screening performed in mammary spheres revealed that Cbx8 component could promote tumorigenesis sustaining Notchnetwork genes expression by regulating H3K4me3 levels. [92] As mentioned, mammalian cells contain two copies of the Ezh HMT: Ezh2 and Ezh1. While Ezh2 is distinctive of undifferentiated and proliferating cell, Ezh1 although present in mESC cells, appears to be specific for post-mitotic tissues. [38, 39] The function of PRC2-Ezh1 complex has been elusive for long time given the viability of Ezh1 knock-out mice, the failure of recovering the lethality effect of Ezh2 knock-out in embryo and a weak HMT activity. [38, 50] Recent studies performed in differentiating skeletal muscle cells showed a preferential association of Ezh1 with active promoters, interaction with RNA Pol II and involvement in transcriptional activation of the myogenic program. [33, 93] However, formal mechanistic prove that Ezh1 directly controls RNA Pol II is still missing.
Quantitative proteomic analysis in hematopoietic cell lines led to the identification of an Ezh1-Suz12 alternative complex, lacking Eed, associated with actively transcribed genes [35] ; the same subcomplex was then demonstrated to work synergistically with the coactivator UXT in response to TNF-α signaling to recruit RNA pol II and regulate NF-κB pathway activation in the nucleus. [94] Additional interactors related to the transcriptional machinery have been identified. In mESCs the Set2-H3K36me3 enzyme leads to PRC2 mediated H3K27me1 deposition within highly transcribed genes (a modification coupled to RNA polymerase elongation). [95] Moreover, the Elongin BC And Polycomb Repressive Complex 2 Associated Protein (EPOP) regulate transcription at both H3K27me3 repressed and H3K4me3 active domains. [96, 97] EPOP knock-out mESCs do not show any altered self renewal and morphology but carry an impaired distribution of H3K4me3, H2Bub and RNA polymerase II, due to EPOP interaction with the H2B deubiquitinase USP7 and impaired control of repressive PRC2-Jarid2 complex. [96, 97] Importantly, PRC2 methyltransferase activity does not seem to be restricted to histone lysines: in mouse cardiac morphogenesis, PRC2-Jarid2 methylates the cardiac transcription factor www.advancedsciencenews.com www.bioessays-journal.com GATA4 on lysine 299, preventing its ability to recruit p300 to its targets and impeding their transcription. [98] In T cells development, Ezh2 has been reported to methylate the NKT cell specific transcription factor PLZF, leading to its degradation, regulating immune homeostasis. [99] HMT independent PRC2 functions can also arise from alternative interactors. Mouse postnatal cardiomyocites display Eed interaction with HDACs, enhancing their catalytic activity; this novel Eed function is an H3K27me3 independent repressive mechanism, crucial for physiological heart function. [100] Similarly in Drosophila, Pc has been demonstrated to interact with the CREB-binding protein (CBP) acetyl transferase, inhibiting its histone acetyltransferase activity. [101] Furthermore, besides the canonical activities, homologous proteins have developed specific and proper functions as for the PRC1 component CBX2 or for the PRC2-Ezh1 that in contrast to their homologs, are able to perform nucleosome compaction, a fundamental mechanism to maintain gene silencing in mouse development and differentiation. [102, 103] Finally, in this scenario of unpredicted interactors and novel functions, recent evidences for Polycomb recruitment in vertebrates revealed a cooperative, context dependent relationship between DNA methylation, Transcription factors (TFs), RNA binding, histone modifications, and PRCs. [4] In particular, the transcriptional state seems to govern PRC2 binding and H3K27me3 new deposition, this seems to be restricted to unmethylated, nucleosome free, CpG islands, devoid of activating TFs. [104, 105] The role of TFs, indeed results elusive as in very specific manner they can even collaborate to recruit PcG proteins on their target sites. [106] Jarid2 instead has been suggested as the subunit able to bridge RNA interaction and PRC2 recruitment on chromatin. [4, 107] Also histone modifications can scaffold PRC2 complex on chromatin, as happen for H3K27me3, [108] for H3K9me3, [109] or stabilize its binding as verified for the H3K36me3. [110] Conclusively, this scenario indicates the complexity of PcG functions depending on interacting partners and cellular contexts.
Non-Nuclear Polycomb Functions Represent a Link Between Environmental Sensing and Cellular Adaptation
Besides the established function of Polycomb in the nucleus, increasing evidences indicate non-nuclear functions for PcG proteins, mainly linked to signal transduction and environmental sensing.
A cytoplasmic PRC2-Ezh2 was identified to regulate actin polymerization in response to signaling and surface receptors activation. In detail, fibroblasts depleted of Ezh2 are no longer able to perform actin polymerization in the formation of the dorsal circular ruffles after PDGF mediated stimulation. [111] The same study reported that in Tcells the conditional loss of Ezh2, while not affecting their maturation neither the global levels of H3K27me3, severely impacts actin polymerization that follows T cell receptor (TCR) activation, impairing the maturation of the immunological synapse between TCR and APC cell. [111] The peculiar cytosolic function of PRC2 in response to signal transduction in the immune system, appears to be not only restricted to T cells. In the adaptive immunity, in neutrophils and dendritic cells a cytosolic Ezh2 has been described to bridge integrin signaling and adhesion dynamics in the fundamental biological process of immune cells migration. In detail, Ezh2 methylates Talin, one of several proteins that link the cytoplasmic domains of integrin β subunits to actin filaments, and as consequence, its interaction with F actin molecules is disrupted, affecting the turnover of cell adhesion structures. [112] Further, Ezh2 deletion, compromises integrin dependent transendothelian migration of leukocytes, with important implications for immune responses and related pathogenic processes. [112] In analogy, Ezh2 homolog Ezh1, has been described in T cells as a cytosolic molecule, engaged in the signal transduction of TCR through its interaction with the signaling protein Zap70. [113] These studies suggested unforeseen functions for cytosolic PRC2 components in cell migration, actin and adhesion molecules polymerization, indicating a possible involvement in cancer cells invasiveness, shedding light on potential novel therapeutic approaches. [114] Besides leucocytes, also prostate epithelial cells contain cytoplasmic Ezh2, which results to be overrepresented in prostate cancer cells affecting re-modeling of actin filaments and fostering tumor invasiveness. [115] Likewise, Ezh2 is overexpressed in gliomas. Interestingly while Ezh2 expression levels are correlating with tumor grade, its intracellular localization correlates with tumor heterogeneity. [116] These data provide important novel insights in metastasis occurrence, chemotherapeutic resistance, and tumor relapse. [116] The PRC2 core component Eed has been described to shuttle, in a signal-dependent manner, between nuclear and cytosolic compartment. In T cells upon integrin activation or upon HIV-1 Nef mediated signaling, Eed moves from the nucleus to the cytosol, a shuttling that is instrumental for the prompt derepression of specific genes, that have to be transcribed after integrin activation or to promote the transcription of the HIV virus. [117] Eed is required for the TNF (Tumor Necrosis Factor) signaling pathway: after TNF exposure Eed moves from the nucleus to the plasma membrane where functionally couples TNF-Recetor1 to nSMase2. [118] Intriguingly, the extra-nuclear PRC2 localization and functions in metazoan look conserved also in plants: in A. thaliana the Eed homolog FIE forms a cytoplasmic complex with the PRC2 histone methyltransferase MEA that is involved in inflorescence development, supporting the concept of an evolutionary diversification of non-nuclear PcG proteins functions. [119] These studies indicate how "chromatin associated" epigenetic modifiers activity operate also outside the nucleus to control cell structural plasticity in response to environment.
Novel PcG Protein Isoforms: New Players in Epigenetic Control and Fine-Tuning of Genes Expression
The complexity of transcriptome output provided by differential promoter usage and alternative splicing, as recently reported by major consortia (e.g., ENCODE, Fantom), is considered a major source of phenotypic diversification in evolution. [120] The identification in higher organisms of PcG (and TrxG) members' duplications and splicing variants, broadens the spectrum of mechanisms orchestrating epigenome regulation. Two Ezh2 splicing variants have been characterized in pancreatic cancer cells, both carrying the catalytic SET domain, showing different gene targets specificity. [121] Ezh1 catalytic SET domain displays 94% of identity with Ezh2. However, its HMT activity in vitro is modest [38] and its role appears to depend on interacting partners and on the physiological state of the cells. Ezh1 has been reported to maintain a repressive state in the absence of Ezh2 in pluripotent, cycling cells [39, 122, 123] and in male germ cells. [124] In an elegant study performed in developing brain, combined knockout of Ezh1 with Ezh2 revealed cell type and gene network specific defects in neuronal development and maturation resulting in a neurodegenerative phenotype. [125] Ezh1 remains the predominant, if not the exclusive H3K27-HMTase expressed in differentiated tissues. In a recent study we reported that PRC2-Ezh1 has a key repressive adaptive function specifically exerted in response to oxidative stress. [34] We discovered a novel Ezh1 coding alternative splicing isoform expressed in healthy skeletal muscle fibers, lacking the catalytic SET domain, (Ezh1β). This new protein acts in the cytoplasm (Figure 3) , where it interacts with Eed, preventing its assembly in a functional, nuclear PRC2-Ezh1α complex. In response to atrophic stimuli Ezh1β is degraded, allowing cytoplasmic Eed to enter the nucleus and form an active PRC2-Ezh1α complex instrumental for adaptive stress response (Figure 3) . Importantly, as stress stimuli cease, chromatin state reverts to the previous state. [34] Splicing variants have been characterized for other PRC2 subunits as for the human PCL3 that encodes for two isoforms that differ for the absence of one PHD domain (plant homeodomains), they have been characterized in medulloblastoma where they are co-expressed and able to interact with EZH2 but in different subcomplexes, although their function in tumorigenesis remains to be elucidated. [126] Furthermore, as previously anticipated, alternative translational start sites can produce four different Eed isoforms and the incorporation of a distinct Eed into the complex is developmentally regulated and confers HMT substrate specificity in vitro (lysine 26 of histone H1 or lysine 27 of histone H3). In vivo Eed isoform 2, is expressed in cancer cells and undifferentiated embryonic stem cells, and associates with the histone deacetylase Sirt1 in the so-called PRC4 required for the methylation of H1K26. [42, 127, 128] In the PRC1 world, the CBX2 subunit undergoes alternative splicing due to different polyadenylation sites, arising two different isoforms, both retaining the chromodomain but the shorter missing the Pc box domain; the latest isoform although unable to join PRC1, self associates and it is reported to repress transcription. [129] On the contrary, Polycomb proteins have been demonstrated to be also involved in splicing regulation, as for the key factor FRG2 in human mesenchimal stem cells; in detail, lncRNAs recruit Polycomb proteins and the histone demethylase KDM2a to create a specific chromatin setting that promotes an epithelial specific alternative splicing of the FGR2 gene. [36] Figure 3. The splicing isoform Ezh1β is a cytosolic stress sensor that controls PRC2-Ezh1α nuclear function. In muscle cells PRC2-Ezh1α formation and activity is kept balanced by the requisitioning of Eed PRC2 core subunit in the cytosol by the alternative isoform Ezh1β (SET domain free) (left). Ezh1β behaves as a stress sensor that upon atrophic stimulation is ubiquitinated and in turn targeted to degradation (right), such event frees Eed to enter in the nucleus and to form a functional PRC2-Ezh1α. This in turn promotes the transcriptional repression of a specific set of muscle genes, inducing an adaptive reversible transcriptional resetting of gene expression. Finally, the estimated number of EZH1 and EZH2 transcripts per TU (transcriptional units) increases between mouse and human (see Table 1 ), possibly matching organism evolution. These findings add further layers of complexity to the combinatorial nature of PcG mediated epigenetic regulation of cellular plasticity.
Conclusions and Future Perspectives
Cells, tissues, and organs have constantly to deal with changes of the intra-and external environmental conditions; replication, commitment, differentiation, maintenance of homeostasis, and cell identity memory required chromatin states and gene expression changes. Under such environmental micro-fluctuations epigenetic machineries allow phenotypic adaptation in response to transient signals and, in its absence, retain its memory even without a triggering signal.
Part of the amplitude of cellular functions that multicellular organisms have evolved may reside in the combinatorial nature of protein-protein interactions networks that govern gene expression. PcG epigenetic machinery appears to follow this evolution line, where PRC1 and PRC2 components increased in vertebrates through the expansion in terms of paralogs, homologs, and splicing variants (Table 1) .
We describe in this venue classical and novel, non-canonical, epigenetic mechanisms exerted by PRCs in their dealing with a changing environment, trying to figure out the more intrinsic, plastic, nature of the PcG mediated epigenetic memory. This is reached through PcG proteins organization in cell type specific sub-complexes, with definite cellular localization that conducts to the acquisition of unanticipated functions.
The fine dissection of the combinatorial and dynamic nature of PcG cell memory system foresees novel exciting challenges to advance the comprehension of the molecular mechanisms underlying phenotypic variation in response to environmental fluctuations both in physiological and pathological states. 
